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Sexual selection results when one sex,

usually females, discriminates among
members of the opposite sex during mate
choice. It is interesting because it is a mech-
anism by which those traits used in mate
choice can become exaggerated in a way
that is apparently detrimental, except in
terms of mating, to the bearer of the orna-
ments1. One of the classic examples of an
exaggerated trait produced by sexual selec-
tion is the tail streamers of swallows
(Hirundo rustica)2. Here, however, by using
tail-manipulation experiments, I show that
the tail streamers of swallows are mainly the
product of natural selection, with sexual
selection only causing the streamer to
extend beyond the aerodynamic optimum
by a small amount.

Sexually selected traits give individuals
an advantage over members of the same sex
in access to mates of the opposite sex1,3. In
practice, however, it is not straightforward
to distinguish between the products of sex-
ual and natural selection because many
traits are, to some extent, influenced by
both. Swallows have been the focus of a
long-term study on sexual selection3.
Møller and colleagues have shown that
females prefer males with elongated tails as
mates and discriminate against males with
shortened tails2,4, suggesting that the long

tail is a product of sexual selection. But a
recent aerodynamic analysis indicated that
the swallow’s tail streamers may function as
a flight control device5, which implies that
they could result from natural selection.

Naturally selected structures are predict-
ed to be at an optimum level that maxi-
mizes the net benefit of the trait. If the
streamer is at a naturally selected optimum,
then deviations away from this optimum
should increase costs; in other words, both
elongating and shortening the streamer
should increase flight costs.

On the other hand, a sexually selected
ornament should be costly at stable equili-
brium1. Therefore, if the streamer is the
product of sexual selection it should be
a costly trait (as it has been extended
beyond the naturally selected optimum for
flight) and costs should rise as streamer
length is increased and drop as streamer
length is reduced.

A third possibility is that the streamer is
a naturally selected structure which sexual
selection has modified away from the aero-
dynamic optimum. If this is the case then
costs should rise as streamer length is
increased, but if streamer length is reduced
costs should drop until the naturally select-
ed optimum is reached and then rise as the
tail is shortened away from the optimum6.

The crucial manipulation that distin-
guishes between the ‘natural selection
alone’ and ‘sexual selection alone’ hypothe-
ses is the reduction manipulation. I predict-
ed that there would be increased costs after
streamer reduction if the natural selection
hypothesis were true, and decreased costs if
the sexual selection hypothesis were correct.

However, it is not obvious what direc-
tion of change would represent an increase
in costs. For example, is it better to fly
quickly or slowly? Is it better to use large or
small turning circles? The criterion that I
used was to ask whether streamer elonga-
tion and reduction changed a flight para-
meter in the same direction relative to
controls. Therefore, if the reduction mani-
pulation resulted in significant changes in
the flight parameter in relation to controls
and in the same direction as the changes
produced by the elongation manipulation,
this would falsify the sexual selection alone
hypothesis and support the natural selec-
tion alone hypothesis.

Male swallows were caught in 1995/96
and assigned randomly to four manipula-
tion groups (tail elongated or reduced by
20 mm, unmanipulated, or manipulated
but with no change in length). The 20-mm
manipulation was done in the basal portion
of the tail in 1995, and in the (more sexually
dimorphic6) thin streamer in 1996. This
means that the year and manipulation type
(that is, basal versus streamer) effects are
potentially confounded. Tail manipulations
were done by J. Aparicio and A. Hall.
Length of the outer tail feathers did
not vary between the two years of the
study (F1,24!0.83, not significant) or
among manipulation groups (F3,23!2.38,
not significant).

I filmed the birds using stereo-video
when they were feeding their nestlings. I
digitized the stereo-video to obtain the
coordinates of the filmed bird in each frame
of both videos. The filming and digitizing
were conducted blind to the manipulation
of the bird. From the reconstructed three-
dimensional flight path of the bird, flight
parameters could be calculated7. This tech-
nique was initially developed in collabora-
tion with A. Thomas. The flight parameters
used were velocity (mean, maximum and
minimum), acceleration (mean, maximum
and minimum), agility (rate of change of
heading: mean and maximum) and turn
radius (mean and minimum). All ten flight-
performance parameters except maximum
agility showed significant repeatability8.

Significant correlations among the ten
flight variables indicated that they did not
vary independently. Multiple regression
identified the combination of mean
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20 FFiigguurree  11 Relationship between manipulation group
and top, mean flight velocity, centre, mean accelera-
tion, and bottom, mean agility. Data are mean "

standard errors for the birds in each group. Red
bars represent streamer manipulations done in
1996; pink bars represent basal manipulations done
in 1995. Sample sizes are: elongated: streamer 5,
basal 9; reduced: streamer 4, basal 9; controls:
streamer 8, basal 8. Analyses of variance using the
general linear model revealed significant interac-
tions between manipulation group and manipula-
tion type/year for all three parameters (mean flight
velocity, F2,42!5.76, P#0.05; mean acceleration,
F2,42!7.36, P#0.05; mean agility, F2,42!5.41, P#0.05).
The significant interaction indicates that there were
significant effects of both manipulation direction
and manipulation type/year and that the effect of
manipulation direction is different for the two manip-
ulation types or years. There were also significant
effects of the farm on which the birds were filmed
in each of the three analyses; this probably relates
to the different physical arrangements of the farms.
None of the morphological variables (original
streamer length, wing length, or body mass) mea-
sured explained the significant variation in flight
performance.
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theory that the non-avian Coelurosauria
occur too late in the fossil record to be
related to birds.

This specimen (V11579, held at the
Institute of Vertebrate Paleontology and
Paleoanthropology, Beijing), consisting of
most of the left dentary and part of the sple-
nial (Fig. l), was collected from the bottom
of dull, purplish beds of the Lower Lufeng
Formation of Eshan County, Yunnan. The
Lower Lufeng Formation was initially
thought to have been formed in the Late
Triassic2 but it is now widely accepted to be
of Early Jurassic origin on the basis of the
invertebrate (such as costracod, pelecypod
and gastropod) and vertebrate (for exam-
ple, prosauropod and the tritylodontid
Bienotherium) fossils it contains3.

velocity, mean acceleration and mean agili-
ty as the smallest set of parameters that
explained significant variation in all the
others. I therefore used these as indepen-
dent measures of flight performance. These
three variables were not significantly corre-
lated with each other.

For all three of these independent flight
parameters, the manipulation group and
the interaction between manipulation
group and manipulation type/year signifi-
cantly influenced flight performance. The
reduction and elongation manipulations
influenced performance in the same direc-
tion for all three parameters in the
streamer-manipulation experiment (1996)
and for two of the three parameters in the
basal manipulation experiment (1995)
(Fig. 1). This produces the ‘U-shaped’ pat-
tern (with fitness costs on the y axis plotted
against manipulated-streamer length on the
x axis) predicted by the natural selection
alone hypothesis and is different to the pos-
itive slope predicted by the sexual selection
alone hypothesis. As it is the streamer
rather than the basal part of the tail that
shows significant sexual dimorphism2, the
results from the streamer manipulation are
probably more biologically meaningful6.

The results of this study oppose the pre-
dictions made from the sexual selection
alone hypothesis. The tail streamers of male
swallows could have evolved through natur-
al selection alone but cannot have evolved
entirely through sexual selection. However,
it is possible that sexual selection has been
involved in elongating the tail by less than
the 20-mm manipulation used. Therefore,
sexual selection could be responsible for the
sexual dimorphism seen in this species
(streamer length differs by about 15 mm
between the sexes2).

The results of Møller and colleagues
indicate that sexual selection may be oper-
ating at some level on male tail-feather
length. My results indicate that sexual selec-
tion is probably responsible only for
increasing male tail length beyond a
naturally selected aerodynamic optimum;
sexual selection can be responsible for a
maximum of 27% of the streamer length.
Matthew R. Evans
Department of Biological and Molecular Sciences,
University of Stirling, Stirling FK9 4LA, UK
e-mail: MRE2@stir.ac.uk
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We report here the discovery of a ther-
izinosaur from the Early Jurassic Lower
Lufeng Formation (Sinemurian stage) of
Yunnan, China. This discovery extends the
age range of these unusual animals, previ-
ously known only from the Cretaceous
period (Albian–Maastrichtian stage1), back
by another 94 million years. This is the old-
est definitive record of a coelurosaurian
theropod, which therefore minimizes the
divergence time for members of the
group. Most important, it contradicts the

The oldest
coelurosaurian

FFiigguurree  11 The left mandible of the specimen (V11579). a, Medial view. The downturned dentary and numer-
ous small teeth are shared with therizinosauroids and a few other coelurosaurian theropods (troodontids
and ornithomimosaurians), whereas the posterior decrease in size of the teeth and the morphology of the
teeth are unique to therizinosauroids. b, The dorsal view shows a lateral shelf on the dentary. This is also
present in ornithischians but is never so broad and flat as in this specimen and therizinosauroids. c, Tooth
crown in lateral view. The tooth morphology, although superficially similar to that of some ornithischians and
basal sauropodomorphs, is also unique to therizinosauroids in its combination of a basal constriction,
circular roots, and lanceolate crown. bc, basal constriction; d, dentary; ip, interdental plate; mg, meckelian
groove; nf, nutrient foramina; sp, splenial.
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